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Scanning Tunneling Spectroscopy of Ni/W(110):
bcc and fcc properties in the second atomic layer
Johannes Scho¨neberg,1, ∗ Alexander Weismann,1 and Richard Berndt1
1Institut fu¨r Experimentelle und Angewandte Physik,
Christian-Albrechts-Universita¨t zu Kiel, D-24098 Kiel, Germany
Nickel islands are grown on W(110) at elevated temperatures. Islands with a thickness of two
layers are investigated with scanning tunneling microscopy. Spectroscopic measurements reveal that
nanometer sized areas of the islands exhibit distinctly different apparent heights and dI/dV spectra.
Spin polarized and paramagnetic band structure calculations indicate that the spectral features are
due to fcc(111) and bcc(110) orientations of the Ni film, respectively.
PACS numbers: 68.37.Ef 73.20.At
I. INTRODUCTION
The magnetism of thin iron, nickel and cobalt films dif-
fers strongly from the behavior of the bulk materials1–3.
Quantities like the Curie temperature4 and the magnetic
anisotropies5 show thickness dependent characteristics.
Since the real space structure and the magnetic proper-
ties are connected, most of these effects can be explained
by the atomic structure. Different lattice constants of
the substrate and film materials can result in different
crystallographic orientations and cause strain, which is
a source of magnetic anisotropy. The strain is released
when a transition occurs from pseudomorpic growth to
a bulk-like film. This has been intensively studied us-
ing k-space methods, e. g., low energy electron diffraction
(LEED)6 and angle resolved photoelectron spectroscopy
(ARPES)7.
Even within the same layer different crystallographic
orientations may coexist. This was observed for Fe
on Cu(111)8 (bcc and fcc), Fe on Ir(111)9 and Co on
W(110)10 (both fcc and hcp) using scanning tunnel-
ing microscopy (STM). These studies discriminated both
phases by observing different island orientations, by using
atomically resolved topographies, or by resolving differ-
ent electronic structures using scanning tunneling spec-
troscopy (STS).
A common substrate for growing films of 3d metals is
W which shows almost no interdiffusion. Due to its high
surface energy, adsorbates tend to form a wetting layer.
For Fe the growth of subsequent layers depends highly
on the temperature11,12.
The growth of Ni on W(110) at room temperature has
been studied with the STM by Sander, Schmidthals et
al.13–15. Here we present STM data of Ni grown at el-
evated temperatures. This investigation was motivated
by the possibility to obtain bcc Ni similar to the case of
Co on W(110) which forms a pseudomorphic and a close
packed crystallographic structure in the sub-monolayer
regime16. Bcc Ni has attracted much attention for an
expected phase transition from paramagnetic to ferro-
magnetic depending on the lattice constant17–19. Inves-
tigations of bcc Ni on Fe20–22 and GaAs23 substrates ad-
dressed this issue with spatially averaging techniques. To
obtain this Ni phase we focused on the second atomic
layer (AL), which is the threshold thickness for Ni grow-
ing in a relaxed fcc fashion with only small tensile strain
as indicated by low-energy electron diffraction and mea-
surements of the film stress15.
Using magnetic as well as non-magnetic tips and com-
paring our results to bandstructure calculations we find
that islands of the second monolayer are comprised of
areas of fcc and bcc Ni.
II. EXPERIMENTAL SETUP
The experiments were performed using a home-built
STM operating at 4.4K in ultrahigh vacuum. W(110)
surfaces were cleaned by heating to a temperature of
1500K in an O2 atmosphere with a partial pressure of
1 · 10−4Pa followed by short heating to 2300K. The
absence of contamination was checked with LEED and
Auger electron spectroscopy. Nickel films were deposited
at temperatures of 500K using an electron beam evapo-
rator and an evaporant of 99.99% purity. Electrochem-
ically etched tungsten and nickel tips were prepared in
situ by Ar+ bombardement and annealing. Ni tips were
magnetized along the tip axis with a CoSm magnet.
III. RESULTS
Figure 1 shows a constant current topograph of the
wetting layer. In contrast to the results published for
films grown at room-temperature13, the Ni wetting layer
forms a 2 × 2 reconstruction when deposited at 500K.
The interatomic distances in the
〈
110
〉
and 〈001〉 direc-
tions only deviate by 5% and 1% from 2
√
2aW and 2aW,
respectively (aW: lattice constant of the conventional
unit cell of W). Low energy electron diffraction (LEED)
patterns (not shown) confirmed this surface structure.
Along the
〈
110
〉
directions the reconstruction is per-
turbed by antiphase boundaries which occur in distances
of few nm (dashed lines in Fig. 1(a)). Since a 2 × 2 re-
construction covers the surface only by a quarter we use
the terminology of Ref. 15 and refer to observed layers
2FIG. 1. Constant-current STM image of the wetting layer Ni
on W(110) (12.5×9 nm2, 100mV, 50 pA). A 2×2 reconstruc-
tion is resolved along with a few antiphase domain bound-
aries. The dashed lines are used to indicate the lattice offset
occurring across boundaries.
FIG. 2. (a) Constant-current STM image of two Ni islands of
2 AL thickness on W(110) (54× 22 nm2, 200mV, 1 nA). The
larger, elongated island exhibits four areas with three different
apparent heights. (b) Linescan along the dashed line shown
in (a).
as atomic layers. By the term monolayer the amount of
atoms for a fully closed layer with the atomic density of
bulk Ni(111) (1.86 · 1019 atoms/m2) is meant. In several
preparations we evaporated different coverages ranging
from ≈ 0.25 to ≈ 0.35 monolayers.
Fig. 2(a) shows a constant-current topograph of two is-
lands, which are characteristic of the second atomic layer.
The islands are mostly oriented along the W〈001〉 di-
rections in agreement with Ref. 15. In contrast to this
study we observe a detailed structure: The larger island
in Fig. 2 (a) exhibits four areas with three different ap-
parent heights. The areas are labeled I, II, and III in
the cross-section (Fig. 2(b)). Area II appears ≈ 2.5 A˚
higher than the Ni wetting layer. The areas I and III
are ≈ 0.5 A˚ higher and lower, respectively, than area II.
The height difference is voltage dependent: For voltages
−1V . . . 1V area I is 0.25 A˚ to 0.8 A˚ higher than area III.
The maximum difference of 0.8 A˚ is measured at a voltage
of 200meV. Given the interlayer distance for Ni fcc(111)
of ≈ 2 A˚ the height variations cannot be attributed to by
different layer thicknesses. Therefore we hint that similar
to Co/W(110)16 different crystallographic structures are
present.
Areas I and II exhibit smooth surfaces. Further investi-
gations using STS show prominent peaks in the differen-
tial conductances (dI/dV , I current, V sample voltage)
(Figs. 3(a, b)).
The peaks occur at 200mV and 700mV in areas I
and II, respectively, which explains the maximum of the
apparent height at 200mV. They were observed with
spin-polarized Ni tips as well as with spin-averaging W
tips. The signals are therefore not related to different
local spin polarizations. This interpretation is further
supported by the large energy difference of 500meV be-
tween both peaks, which drastically exceeds the ≈ 10mV
shift reported for domains in two AL of Fe on W(110)24.
dI/dV maps recorded at 200 and 700mV (Figs. 3(c, d))
reveal that these unoccupied states are characteristic of
the different areas of the island. They also show that the
edge of area III has the similar characteristics as area
II, which was further confirmed by taking dI/dV spectra
directly above the edge of III. In high resolution STM
images area III appears rather disordered with a stan-
dard deviation of the apparent height of ≈ 0.14 A˚. Thus
this area presently cannot be attributed to a particular
crystallographic surface. Spectra of the differential con-
ductance (not shown) are featureless in the range −1.5V
to 1.5V. We hint that this area is disordered due to
underlying antiphase boundaries.
Ref. 15 suggested that the second atomic layer of Ni
grows in a fcc phase, while we observe different struc-
tures at this coverage. A possible reason for this dis-
crepancy may be the different techniques used in identi-
fying the structure. We locally probed Ni islands grown
at elevated temperatures while the analysis in Ref. 15
is based on spatially averaging methods (LEED, stress-
measurements).
To link areas I and II to crystallographic surfaces we
calculated the spin-polarized bulk band structure. Fig.
4(a) shows results from a LCAO (linear combination of
atomic orbitals) calculation of fcc Ni using a three-center-
approximation with non-orthogonal basis set.
The algorithm and the values for the tight-binding
parameters, matching ab-initio calculations, were taken
from Ref. 25. This band structuture is further validated
by photoemmission studies27 and other calculations28.
The tunneling current is predominantly due to states
at the center of the surface Brillouin zone (Γ). At a
fcc(111) surface these are the states between the high
3FIG. 3. (a) and (b): dI/dV spectra of a second AL island recorded on areas I and II, respectively. (parameters prior to opening
the current feedback loop: 1.5V, 1 nA) (c) and (d): corresponding dI/dVmaps 42× 12 nm2, recorded at 200mV and 700mV,
respectively. The island consists of area III, I and II from left to right.
FIG. 4. Calculated spin-polarized bulk band structure of Ni.
(a) LCAO calculation for the fcc configuration. Algorithm
and tight-binding parameters from Ref. 25. (b)DFT LSDA
calculation for the bcc configuration reproduced from Ref. 26
symmetry points Γ and L of the bulk Brillouin zone,
which are projected onto the Γ point. A minority
spin band exhibits a band edge above the Fermi en-
ergy at ≈ 150meV, which is close to the experimental
dI/dV peak at 200mV (Fig. 3(a)). Also note that the
band edges at ≈ −500meV correspond to the enhanced
dI/dV signal in Fig. 3(a) at −600mV. Area I is therefore
attributed to a fcc Ni(111) surface. The approximation
of using bulk band structures is supported by previous
stress measurements suggesting that Ni grows in a re-
laxed fashion from the second atomic layer on with only
small tensile film stress15. Moreover, Ni is known to grow
in a fcc(111) orientation for higher coverages15. Further-
more, according to ARPES studies7, the density of states
of the fifth atomic layer Ni on W(110) and bulk Ni are
almost indistinguishable. We therefore prepared thicker
films with local coverages up to 8 atomic layers. In full
agreement with the data from area I of second atomic
layer islands the dI/dVmeasurements on thicker films ex-
clusively show a peak at 200mV. A peak at 700mV was
not observed. These data show that the unoccupied state
at 200meV is characteristic of fcc Ni(111). This further
validates the identification of area I with fcc Ni(111) and
the band structure calculations we employed seem to be
valid in the limit of the second atomic layer.
Since the band structure of the fcc crystal shows
no band edges which would correspond to the peak at
700meV we suggest that area II has no fcc structure. A
tungsten induced bcc-like structure similar to the pseu-
domorphic grown layer reported for Co/W(110)16 may
be present. Furthermore bcc Ni was grown successfully
on Fe(001)20–22 and GaAs(001)23. In order to gain more
insight Fig. 4(b) reproduces results from a density func-
tional theory (DFT) calculation for bcc Ni using the local
spin density approximation (LSDA) from Ref. 26. Due
to the orientation of the W crystal a bcc(110) surface is
the most probable case. Here the states between the
high symmetry points Γ and N of the bulk Brillouin
zone are projected onto the Γ point. A minority spin
4band exhibits an edge at ≈ 730meV. The correspond-
ing high density of states is consistent with the dI/dV
peak observed at 700mV (Fig. 3(b)). However the major-
ity band edge at 100meV is not observed experimentally
with both Ni and W tips. Moruzzi17–19 calculated that
bcc Ni exhibits a first order transition between param-
agnetic and ferromagnetic order with increasing lattice
constant. Bcc Ni at equilibrium is predicted to be para-
magnetic. In this case no spin splitting is present and the
band edge is located at ≈ 320meV26. In general there is
a clear trend that the relevant band edges of bcc Ni occur
at higher energies than for fcc Ni, independent whether
the calculations were performed for the paramagnetic or
the ferromagnetic case. Therefore we tentatively suggest
that area II is bcc Ni in a (110) orientation.
IV. CONCLUSIONS
Three different structures were observed in second
atomic layer Ni islands, which were grown on W(110) at
elevated temperatures. This refines previous studies13–15
where space-averaging methods resolved only a fcc phase
in the second atomic layer. While the lowest area shows a
disordered structure with local apparent height variations
of ≈ 0.14 A˚ and no features in dI/dV spectra, the other
areas appear topographically smooth and exhibit promi-
nent spectroscopic signatures. By comparision with spin
polarized band structure calculations the highest area is
attributed to fcc Ni(111). Calculations performed for Ni
bcc indicate that the area showing a peak at 700meV
may be Ni bcc (110).
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